Antiferroelectric-ferroelectric phase boundary enhances polarization extension in rhombohedral Pb(Zr,Ti)O3 Appl. Phys. Lett. 99, 232906 (2011) Phase transitions in ferroelectric-paraelectric superlattices J. Appl. Phys. 110, 114109 (2011) Modeling the switching kinetics in ferroelectrics J. Appl. Phys. 110, 114106 (2011) Ferroelectric phase transition and low-temperature dielectric relaxations in Sr4(La1xSmx)2Ti4Nb6O30 ceramics J. Appl. Phys. 110, 114101 (2011) Poling temperature tuned electric-field-induced ferroelectric to antiferroelectric phase transition in 0.89Bi0.5Na0.5TiO3-0.06BaTiO3-0.05K0.5Na0.5NbO3 ceramics J. Appl. Phys. 110, 094109 (2011) Additional information on J. Appl. Phys. The Landau-Ginzburg-Devonshire phenomenological theory is employed to model and predict the ferroelectric phase transitions and properties of single-domain potassium niobate ͑KNbO 3 ͒. Based on the LGD theory and the experimental data of KNbO 3 single crystal, an eighth-order polynomial of free energy function is proposed. The fitted coefficients are validated by comparing to a set of experimental measured values including phase transition temperatures, spontaneous polarization, dielectric constants, and lattice constants. The effects of hydrostatic pressure and external electric field on phase transition temperatures and piezoelectric coefficients are investigated. The free energy function may be used to predict ferroelectric domain structures and properties of KNbO 3 bulk and films by phase-field approach.
I. INTRODUCTION
Potassium niobate ͑KNbO 3 ͒ has been intensively investigated due to their large electro-optical coefficients, nonlinear optical coefficients, and electromechanical coupling factor for various electronic device applications.
1-4 KNbO 3 is also lead-free and environmentally friendly as compared to the widely used lead zirconate titanate ͑PZT͒ system. 5, 6 At high temperature, KNbO 3 is paraelectric with a cubic structure. As temperature decreases, a KNbO 3 crystal undergoes a series of ferroelectric phase transitions, i.e., from cubic to tetragonal phases at 435°C, tetragonal to orthorhombic at 225°C, and orthorhombic to rhombohedral at −50°C. At room temperature, KNbO 3 has orthorhombic symmetry with the space group Bmm2. All of these ferroelectric phase transitions are first-order and involve thermal hysteresis as a result of the lattice deformation and the shift of Nb ion involved in the transitions.
The ferroelectric phase transition behavior of KNbO 3 single crystal is quite analogous to BaTiO 3 . The LandauGinzburg-Devonshire ͑LGD͒ phenomenological theory has been successfully used to explain the ferroelectric transitions and properties of ferroelectric single crystal like BaTiO 3 . [7] [8] [9] There have also been a number of efforts to develop a LGD phenomenology theory for KNbO 3 . Cross et al. 10 applied a six-order polynomial expression of free energy to determine the order of the ferroelectric-paraelectric phase transition, while the energy coefficients of ␣ 1 , ␣ 11 , and ␣ 111 were evaluated for the tetragonal phase. Triebwasser 11 also used a sixorder free energy function to describe the observed dielectric constant, spontaneous polarization, and latent heat at the paraelectric to ferroelectric transition point by assuming ␣ 11 , ␣ 111 to be temperature independent. The energy function coefficients were determined from the experimentally measured dielectric constant and spontaneous polarization values. These thermodynamic models provide a reasonable description for the cubic to tetragonal transition. Kvyatkovskiǐ and Zakharov 12 applied a first-principles method to obtain the energy expansion coefficients by employing the Devonshire-Barrett one-ion model. The Curie temperature and Curie-Weiss constant were calculated. Kleemann and Schäfer 13 applied Landau theory to calculate the entropy and latent heat change at the paraelectric to ferroelectric transition point. Dorfman et al. 14 presented a mean-field approach based on the application of the time-dependent GinzburgLandau theory to investigate the movement of interphase boundary under applied pressure. However, despite these efforts, the previous free energy functions can only be used to simulate the ferroelectric properties of KNbO 3 in the tetragonal phase that is above 225°C. For the orthorhombic and rhombohedral phases below 225°C, to our knowledge, no such free energy function has been reported so far. Also lots of experimental data obtained at low temperature, e.g., at room temperature, cannot be reproduced or compared with the calculation results obtained by using these free energy functions. So there is still a lack of a free energy function that accounts for all the ferroelectric phases and phase transitions. Thus, for the benefit of describing the structural and ferroelectric transition for single crystal KNbO 3 in the whole phase transition temperature range using thermodynamic phenomenological theory, a more complete description for the free energy function is required.
A phase transition may be influenced by adjusting the external thermodynamic parameters, such as temperature, external fields, and composition. Many prior studies have been focused on the ferroelectric behavior under pressure using various experimental techniques. [14] [15] [16] [17] [18] [19] One of the most pronounced pressure effects on the ferroelectric properties is the large shift of the ferroelectric transition temperature. 20 Pressure may modify the characteristics of a phase transition by weakening the first-order transition. 21, 22 For optical and piezoelectric applications, e.g., 180°domain pairs can be created by applying electric field. 23 Piezoelectric coefficients will be significantly enhanced by engineering the domain structure. However, because of the difficulty in the growth of single crystal with sufficient electrical resistance and in poling, there are only a few reports for the piezoelectric properties of KNbO 3 . 24 The LGD theory will allow one to calculate the properties under applied electric field and pressure.
The main objective of this work is to develop a thermodynamic free energy function by reproducing the experimental properties of the bulk KNbO 3 throughout the temperature range. The main results of this work have been briefly introduced in a previous letter. 25 In this paper, the ferroelectric phenomenological theory, free energy function determination, and the applications of the KNbO 3 single crystal are described in detail. Additional results and applications including the spontaneous strain, dielectric constants under the hydrostatic pressure, and piezoelectric coefficients under the applied electric field are presented. In the next section ͑Sec. II͒, the phenomenological theory of ferroelectricity is given. In Sec. III, the fitting procedure for coefficients of the free energy function is provided. In Sec. IV, coefficient values are evaluated by comparing to experiments. In Sec. V, the properties under the applied hydrostatic pressure and the electric field are calculated based on the fitted energy function as well as the comparison with the related experiments. Finally, a summary is provided in Sec. VI.
II. FERROELECTRIC PHENOMENOLOGICAL THEORY

A. Thermodynamic free energy function
In the LGD phenomenological theory, the spontaneous polarization P = ͑P 1 , P 2 , P 3 ͒ in a rectangular coordinate system is chosen as the primary order parameter. In this work, an eighth-order polynomial is used to describe the thermodynamics of KNbO 3 single crystal. Under stress-free condition, the eight-order polynomial expression is given as 26 f LGD ͑P 1 , P 2 , P 3 ͒ = ␣ 1 ͑P 1 2 + P 2 2 + P 3 2 ͒ + ␣ 11 ͑P 1 4 + P 2 4 + P 3 4 ͒ + ␣ 12 ͑P 1 2 P 2 2 + P 2 2 P 3 2 + P 1 2 P 3 2 ͒ + ␣ 111 ͑P 1 6 + P 2
where ␣ with subscript index represents energy expansion coefficient. All of these coefficients are assumed to be temperature independent except ␣ 1 , which is assumed to be linearly dependent on temperature and obeys the Curie-Weiss law,
where 0 is the Curie-Weiss temperature, 0 is the permittivity of free space, and C 0 is the Curie constant.
To perform the thermodynamic analysis of KNbO 3 , polarization is assumed to be P = ͑0,0, P 3 ͒ for the tetragonal phase, P = ͑P 3 ,0, P 3 ͒ for the orthorhombic phase, and P = ͑P 3 , P 3 , P 3 ͒ for the rhombohedral phase. At the paraelectric cubic state, P = ͑0,0,0͒. Then free energy density of each phase is then simplified to The multiplication by the permittivity of free space 0 in Eqs. ͑4͒-͑7͒ can convert the absolute dielectric stiffness coefficients into the relative ones.
In the orthorhombic and rhombohedral states, since the polarization is assumed to be along the ͗101͘ and ͗111͘ directions of the original cubic axes, the resulted dielectric stiffness tensor is not diagonal. We can set a new coordinate system ͓x 1 Ј, x 2 Ј, x 3 Ј͔ to let the new ͓001͔Ј direction parallel to the polarization direction. The dielectric stiffness tensor will be diagonalized. The relations of dielectric stiffness coefficients between the old and new coordinates are given below. For the orthorhombic phase, the new dielectric stiffness coefficients ij Ј are given by
͑8͒
For the rhombohedral phase, ij
͑9͒
The dielectric constant tensor ij ͑ ij Ј͒ can be calculated from the dielectric stiffness coefficient by
where ij
͒ is the reciprocal matrix of the dielectric stiffness coefficients matrix ij ͑ ij
Ј͒.
The ferroelectric transition due to the shift of Nb ion will cause the lattice deformation and the corresponding spontaneous strain in the KNbO 3 . When the cell axes is along the pseudocubic direction, the spontaneous strain can be expressed by
where Q 11 , Q 12 , and Q 44 are the electrostrictive coefficients that can be measured by experiments.
The lattice constants of three ferroelectric phases can be calculated by
where a 0 is the pseudocubic lattice constant.
B. Free energy function under constant pressure
The change of the phase transition temperature under applied external stresses can be calculated based on the LGD energy function. Under an external stress = ͑ 1 , 2 , 3 , 4 , 5 , 6 ͒, the free energy function can be rewritten by
where s 11 , s 12 , and s 44 are the elastic compliances at the constant polarization. In the hydrostatic pressure condition, the pressure tensors must satisfy 1 = 2 = 3 =−, 4 = 5 = 6 = 0. Thus, Eq. ͑13͒ becomes f = f LGD − 3 2 s 11 2 − 3s 12 2 + Q 11 ͑P 1 2 + P 2 2 + P 3 2 ͒ + 2Q 12 ͓P 1 2 + P 2 2 + P 3 2 ͔. ͑14͒
C. Free energy function under an applied electric field
Many useful properties of ferroelectric materials such as the piezoelectric and electrostriction rely on the strain gen- erated by the applied electric field. With the applied external electric field E = ͑E 1 , E 2 , E 3 ͒, the LGD energy function is thus rewritten as
The piezoelectric coefficient can be obtained through the derivative of strain e ij with respect to the electric field, i.e.,
where d kij is the piezoelectric coefficient and subscripts ͑i , j , k͒ denote the crystallographic axes.
III. DETERMINATION OF COEFFICIENTS FOR THE FREE ENERGY FUNCTION
We first fit the coefficients of the free energy function based on the experimental data including transition temperatures, spontaneous polarization, dielectric constants, entropy change, etc., which are listed in Table I . Using these fitted coefficients, we can calculate all the structural and ferroelectric properties to validate these coefficients. In the following, we will show the procedures about how to fit these energy coefficients.
Let us take the cubic to tetragonal phase transition as an example. The energies for the cubic and tetragonal phase at the transition point must be equal. Since we use the cubic phase as the reference for the free energy function, at the cubic to tetragonal transition temperature, it implies
The first derivative of energy for the tetragonal phase must be zero at a given spontaneous polarization, i.e., ‫ץ‬ f T ‫ץ/‬ P 3 = ␣ 1 + 2␣ 11 P 3 2 + 3␣ 111 P 3 4 + 4␣ 1111 P 3 6 = 0. ͑18͒
For describing the properties for the tetragonal phase, ␣ 1 ͑C 0 ͒, ␣ 11 , ␣ 111 , ␣ 1111 , and P 3 should be determined. In order to determine these five quantities, five equations are needed. Based on the experimental spontaneous polarization value of 0.26 C / m 2 for the cubic to tetragonal transition at the temperature 418°C, 11 we use three different polarizations around this value at three given temperatures to fit these parameters. The fitted parameters are then tested by comparing the predicted ferroelectric properties from the thermodynamic model to experimentally measured values including transition temperatures, dielectric constants, spontaneous polarizations, Curie constant, and entropy change as shown in Table I . We tried many different polarizations to fit the experimental measured values and found that the spontaneous polarizations with 0.33, 0.32, and 0.27 C / m 2 at respective three given temperatures of 250, 300, and 435°C gave a better fitting.
The entropy change for the cubic paraelectric to tetragonal ferroelectric phase transition is
where P product is the spontaneous polarization for the product phase and P parent is the polarization for the parent phase at the transition point. The reported experimental value of ⌬S is 29 485.6 Jm −3 K −1 at the equilibrium transition temperature, 31 thus we use Eq. ͑19͒ as one of five equations to determine the coefficients of the free energy function. Using Eqs. ͑17͒-͑19͒, all coefficients for the tetragonal phase can be determined uniquely.
With the determination of ␣ 1 , ␣ 11 , ␣ 111 , and ␣ 1111 , we are able to fit the rest of free energy coefficients based on the experimental data associated with the orthorhombic and domain, where P s = ͉P͉, P = ͑0,0, P 3 ͒ in the tetragonal phase, P = ͑P 3 ,0, P 3 ͒ in the orthorhombic phase, and P = ͑P 3 , P 3 , P 3 ͒ in the rhombohedral phase.
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rhombohedral phases using the similar method as shown above. These experimental data used for fitting and comparing are listed in Table I . All the fitted expansion coefficients of the LGD energy function for KNbO 3 single crystal are listed in Table II . The coefficients ␣ 1 , ␣ 11 , and ␣ 111 obtained by others 11 are also given for comparison.
IV. FERROELECTRIC PROPERTIES CALCULATED FROM THE FITTED COEFFICIENTS FOR THE FREE ENERGY FUNCTION
With the fitted coefficients in Table II , the free energy densities of three ferroelectric phases as a function of polarization are shown in Fig. 1 . The actual stable state of the crystal should correspond to the minimum of the free energy of the system. It is clearly shown that the tetragonal phase exhibits lowest energy from 435 to 225°C while the orthorhombic and rhombohedral phases are energetically most stable from 225 to −50°C and below −50°C, respectively. The free energy density of the tetragonal phase from an existing sixth-order polynomial is also included for comparison. 11 Kleemann et al. 13 confirmed a larger value P s = 0.373 C / m 2 at 227°C by the linear birefringence data. Resta et al. 35 used the Bloch functions of the tetragonal phase to calculate the polarization value and obtained P s = 0.35 C / m 2 at 270°C. The value of polarization at room temperature is compared with the experimentally measured data given in Table III . The calculated polarization is 0.45 C / m 2 at the room temperature, in agreement with the other experimental and computational work. The value of polarization is 0.51 C / m 2 at −50°C in the rhombohedral phase.
The entropy at a transition temperature is discontinuous due to the first-order phase transition characteristics. The entropy changes from the higher to lower temperature phases at three ferroelectric phase transition points are calculated by Eq. ͑19͒ and are listed in Table IV . These values are in good agreement with the experimental values. 31 The latent heat change at the transition point can be calculated by the expression ⌬L = T c ⌬S, where T c is the phase transition temperature. As shown in Table IV , the latent heat change ⌬L is consistent with the experiment. 40, 41 These larger latent heat changes in KNbO 3 can be attributed to the large lattice distortions. The dielectric constant is one of the important properties of the ferroelectric KNbO 3 single crystal. Figure 3 shows the dielectric constant tensors in three ferroelectric phases, which are calculated through Eq. ͑10͒. Experimental values 29 are also shown in the figure for comparison. The plotted dielectric constant 33 ͑ 33 Ј ͒ is along the polar direction, while 11 ͑ 11 Ј ͒ and 22 ͑ 22 Ј ͒ are along the other two directions which are orthogonal to each other and also to the polarization. For the tetragonal phase, 11 agrees well with the experimental values, while 33 is underestimated in comparison with the only experimental data we could find so far. Despite its underestimated absolute value, the 33 variation with the temperature is consistent with experiment. For the orthorhombic phase, 11 Ј , 22 Ј , and 33 Ј are in good agreement with the experimental data. Furthermore, the dielectric constants for the rhombohedral phase are also calculated as shown in Fig. 3 , but no experimental data are available for a comparison.
The spontaneous strain is generated accompanying with the phase transition. The spontaneous strains along the crystallographic axes of the pseudocubic can be calculated from the polarizations, as expressed in Eq. ͑11͒. Figure 4 shows the calculated spontaneous strains as a function of the temperature for all the three ferroelectric phases. For the tetragonal phase, the spontaneous polarization is along with the x 3 direction. The spontaneous strain e 11T 0 is equal to e 22T 0 , and the spontaneous strain e 33T 0 along the x 3 direction is larger than e 11T 0 and e 22T 0 . In the case of the orthorhombic phase, the spontaneous polarization is along the ͓101͔ direction. The lattice constants in different phases can be determined from the spontaneous strain by Eq. ͑12͒. Figure 5 shows the calculated lattice constants of KNbO 3 as a function of temperature. The black squares represent experimental values. 40 The lattice constants of three ferroelectric phases, a T , b T , and c T for the tetragonal phase, a O , b O , and c O for the orthorhombic phase, and a R , b R , and c R for the rhombohedral phase, are obtained by Eq. ͑12͒, where a 0 is the lattice of the pseudocubic and a 0 = 4.015 29+ 1.923 36 ϫ 10 −5 T fitted from the cubic data and extrapolated to lower temperature. 40 They are in reasonable agreement with the experimental values. Sepliarsky et al. 42 also calculated the lattice constants versus the temperature using the molecular dynamic method, which shows the larger lattice constants in comparison with the present work.
V. EFFECT OF EXTERNAL PRESSURE AND ELECTRIC FIELD
A. Phase transition properties under hydrostatic pressure
Besides temperature, pressure change may lead to the phase transitions. A notable feature of the ferroelectric KNbO 3 is the phase-transition temperature shift under an applied pressure. Using the Raman spectroscopic measurement and optical observation, Gourdain et al. 22 found that the tetragonal-cubic phase transition occurs at ϳ9 -10 GPa at the room temperature. Shamim and Ishidate 17 analyzed the Raman spectra of KNbO 3 under the high pressure and found that the orthorhombic-tetragonal and tetragonal-cubic phase transitions occur at 7 and 8 GPa at room temperature, respectively. Kobayashi et al. 19, 43 measured the dielectric constant dependence on temperature and pressure in all three ferroelectric phases and gave the phase-transition pressures are 8.5 and 11 GPa at room temperature for the orthorhombictetragonal and tetragonal-cubic phase transitions, respectively. Gourdain et al. 16 reported a transition pressure of 10-11GPa for the tetragonal-cubic phase transition and 5-7 GPa for the orthorhombic-tetragonal phase transition at room temperature. The phase transition temperature under the applied external pressure can be calculated by using Eq. ͑13͒. The elastic compliance constants in this calculation are taken as s 11 = 4.6ϫ 10 −12 m 2 / N, s 12 = −1.1ϫ 10 −12 m 2 / N, and s 44 = 11.1 ϫ 10 −12 m 2 / N according to the experiment. 10 The calculation results are shown in Fig. 6 . It is found that the cubictetragonal phase transition occurs at 12.5 GPa and the orthorhombic-tetragonal transition occurs at 6.1 GPa at room temperature, which is in agreement with experiment. We can estimate the derivative of the pressure with respect to the transition temperature through ‫ץ‬P / ‫ץ‬T c , which is approximately Ϫ0.03 GPa/K for all the three phase transitions of KNbO 3 . For the tetragonal-cubic phase transition, the predicted value is consistent with the experimental measured value of Ϫ0.036 GPa/K. 17 For the orthorhombic-tetragonal phase transition, the calculated value is the same as the experimental data of Ϫ0.03 GPa/K by Gourdain et al.
16 using x-ray diffraction and Raman scattering measurements. However, we need to point out that the all phase transitions under hydrostatic pressure are the first order transition. It is seen from Eqs. ͑13͒ and ͑14͒ that the introduction of applied stresses or hydrostatic pressure only affects the coefficients of the second order term of the LGD free energy that does not cause any change on phase transition order. But applied constraint strain can result in phase transition orders. 44, 45 The dielectric constant under an applied pressure can be calculated from Eqs. ͑4͒ and ͑10͒ where the free energy is replaced by Eq. ͑14͒. The spontaneous polarization is still along the ͓001͔ pc direction for the tetragonal phase and along the ͓101͔ pc direction for the orthorhombic phase. We calculate the dielectric constant tensor 33 along the pseudocubic axis ͓001͔ at various hydrostatic pressures under constant temperatures. We chose five temperatures, i.e., Ϫ20, 22, 200, and 200°C, as well as 152 and 89°C in order to make a comparison with the corresponding experiment. Figure 7 shows the curves of the dielectric constant 33 . As it can be seen in the plot that 33 increases with pressure and exhibits two maxima which correspond to the orthorhombictetragonal and tetragonal-cubic phase transition points for the given temperature. Clearly, the orthorhombic-tetragonal phase transition pressures at 152 and 89°C are 4.8 and 6.8 GPa, while the tetragonal-cubic phase-transition pressures under the same temperatures are 9.2 and 11.2 GPa, respectively, consistent with experiments. 19 We thus can obtain the dielectric constants of KNbO 3 under any pressure at different temperatures, most of which are currently unavailable. As shown in Fig. 7 , the dielectric constants at the Ϫ22, 22, and 200°C are calculated based on the fitted free energy function. Obviously, the transition pressure decreases as temperature increases, which is consistent with experimental observations. Figure 8 shows the dielectric constant 33 as a function of the temperature under given hydrostatic pressures. The selected hydrostatic pressures used in the calculations are 2, 4, 6, 8, and 10 GPa. Figure 8 shows the tetragonal-cubic and orthorhombic-tetragonal phase transitions, characterized by the two peaks. Obviously, the transition temperature decreases with the applied hydrostatic pressure, which is consistent with experimental observations. 19 The transition temperatures for the orthorhombic-tetragonal and tetragonalcubic phase transitions are 277 and 422°C at 2 GPa, which decrease to Ϫ17 and 127°C at 10 GPa. The ferroelectric transition temperature decreases and the temperature range between the orthorhombic and tetragonal phase is narrowed with increasing pressure. Using the fitted thermodynamic free energy function, we can thus obtain the dielectric constant values at any temperatures and pressures. 
B. Piezoelectric properties under applied electric field
The piezoelectric coefficients can be calculated through the derivative of strain with respect to the electric field using Eq. ͑16͒. We apply the electric fields of E = ͑0,0,E 0 ͒, E = ͑E 0 ,0,E 0 ͒, and E = ͑E 0 , E 0 , E 0 ͒ at room temperature. At room temperature under zero electric field, the ferroelectric orthorhombic phase is stable. The corresponding spontaneous polarization is assumed to be along the ͓101͔ direction. We calculate the piezoelectric coefficients along the applied electric field directions and the other two directions which are orthogonal to each other and to the electric field direction. We take the engineering notations d 33 . d 3i under the electric field E = ͑0,0,E 0 ͒ and E = ͑E 0 , E 0 , E 0 ͒ is calculated in the same way. Figure 9 shows the predicted piezoelectric coefficients as a function of applied electric field at room temperature. We checked the stable polarization solutions of the free energy function before calculating the piezoelectric coefficients. It is found that a ferroelectric phase transition occurs when applying the electric field E ͓111͔ , which is represented by the abrupt change of the piezoelectric constant as shown in Fig. 9͑c͒ 
C. Application of the fitted free energy function in the phase-field method
The phase-field model has been successfully developed as a powerful computational approach for studying mesos- b cale domain structure and microstructure evolution. In the application of the ferroelectric materials, for instance, it can be used to investigate the ferroelectric properties especially the domain structures and their temporal evolutions, as well as the effects of substrate constraint on the phase transition temperatures and domains in ferroelectric materials such as PbTiO 3 , BaTiO 3 , PZT, etc. In order to model the real processes in the materials, the accurate thermodynamic and dynamic data should be determined as input parameters in the phase-field model. The stable microstructure is a direct consequence of minimizing the total energy of the system. The fitted thermodynamic free energy function as an intrinsic thermodynamic energy term in the total energy in the phase field model quantitatively determines the total energy of the system. The ferroelectric properties of KNbO 3 can thus be determined. It will have many straightforward, immediate, and important applications. For instance, one can study domain structures and wall motion in KNbO 3 single crystals, the domain structures and their evolution under applied fields such as pressure and electric field. Further, the substrate constraints effect on domain structures, phase transition temperatures as well as other ferroelectric properties for KNbO 3 thin film can also be investigated.
VI. SUMMARY
In summary, an eight-order polynomial of free energy function has been constructed in the framework of LGD phase transition theory for describing the ferroelectric properties of the potassium niobate ͑KNbO 3 ͒ single crystal. All of the free energy expansion coefficients are determined based on the related properties of KNbO 3 . The fitted free energy function is used to model and predict the structural and ferroelectric properties of KNbO 3 . These properties include the phase transition temperatures, spontaneous polarizations, entropy and latent heat changes, dielectric constants, spontaneous strains, and lattice constants. We also predicted the piezoelectric coefficients and phase transition temperature changes and dielectric constants under a hydrostatic pressure. The calculation results suggest that the free energy function describe well the properties of a KNbO 3 single crystal. The fitted free energy function can lead to many applications. For instance, it can be employed in the phase field model to simulate the domain evolution and ferroelectric properties for both KNbO 3 bulk and thin film. 
